
'\ v 

• I J ,. 

- .... 
~.-----------~--------~~~-~-~e~~~-·~----------------~~~J>J c--

l~ . 

l 

I 
i 

'. 
NATIONAL ADVISORY COMMIITEE 

FOR AERONAUTICS \ 

TECHNICAL NOTE 

No. 1672 

SUPERSONIC WAVE DRAG OF NONLIFTING SWEPT BACK 

TAPERED WINGS WITH MACH LINES BEIDND 

THE LINE OF MAXIMUM THICKNESS 

· By Kenneth Margolis 

Langley Aeronautical Laboratory 
Langley Field, Va. 

Washington 
August 1948 

N ,:\ ~...: A ~ .'..1-\R.~ ~r\,_ 
.· -~"'·'..F"'. ··-':F''f'l.ltL"-i ''t'-f('~··· \ ~- ·' ' 

l: WMJ'!ORY 
~.- ...... ~, ~~ Yt., 



.. 

. ~l\lil11ctll:!llt]ll~ll:~ll~l ~lll~l :IIIII~ 
3 1176 01433 3828 

NATIONAL .AIJVISOR¥ COMMITI'EE FOR AERONAUTICS 

TECBNICAL NOTE NO. 1_672 

SUPERSONIC WAVE DRAG OF NONLIFTlliG SWEJ?TBACK 

T.APEBED WINGS WI'I'.II MA.CH LINES BEHDID 

T8E LINE OF .MAXDruM THICKNESS 

By Kenneth Margolis 

A theoretical investigation of the supersonic wave drag of nonlifting 
sweptback tapered wings having thin symmetrical double-wedge air~oil 
sections with maximum thickness at 50 percent chord has been presented in 
NA.CA TN No. 1448. The present paper extends the investigation to include 
"supersonic" maximum-thickness edges; that is_, the :f'l.igh.t velocity component 
normal to the line of maximum thickness is supersonic. Thts condition 
exiets at Mach numbers for which the Mach lines have angles of sweep 
greater than that of the line of' maximum thickness. 

For wings of equal root bending stress (and hence of different aspect 
ratio) and given sweepback_, taper increases the wing wave-drag coefficient 
at Mach numbers for which the maximum-thickness line is moderately supersonic 
and has negligible effect at higher Mach numbers. This trend is similar to 
that evidenced by the effect of high aspect ratio for given sweepback and 
taper ratio. Comparisons on the basis of constant aspect ratio for given 
sweep back, however, indicate a decrease of' the drag coefficient with taper 
at Mach numbers corresponding to moderately supersonic maximum-thickness 
lines and a negligible e.t'f'ect due to taper at the higher Mach numbers. 
For given taper ratio and aspect ratio, increased sweepbaok increases the 
drag coefficient at Mach numbers :f'or which the maximum--thickness line is 
supersonic. 

JF.r.RODUCTION 

In reference 1_, equations are derived and calculations are presented 
for the supersonic wave drag of sweptback tapered wings with thin symmet­
rical double-wedge sections wl th ma:x:imum thickness_ at 50 percent chord · 
(that is, rhombic profiles) at zero lif't. The range of Mach number con­
sidered in reference l is between 1.0 and the value corresponding to the 
condition where the Mach lines are parallel to the maximum-thickness line, 
that is_, the Mach number range corresponding to "subsonic 11 maximum­
thickness lines. (When the flight velocity c~onent normal. to an edge ia 
subsonic, the edge is termed a "subsonic" edge.) This condition exists 
at Mach numbers for which the Mach lines have angles of sweep less than 
that of' the line of' maximum. thickness. 

The -present paper completes the wave-drag investigation of' nonli:f'ting 
tapered wings by extending the Mach number range to include "supersonic 11 

maximum--thickness lines; that is, the region where the Mach lines have 
angles of sweep greater than that of the line of' ma.:timum thickness. 
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Accordingly, equations are derived for the supersonic wave drag of 
sweptback tapered wings with thin rhombic sections at zero lift. Calcu­
lations are presented :for some representative plan forms. As in 
reference l, the airfoil sections and wing tips are chosen parallel to 
the direction o:f flight, and the angle of sweepback ie referred to that 
of the line of maximum thickness. For purposes of-completeness, the 
results obtained in reference l for the lower supersonic Mach numbers are 
included in the discussion and conclusions of the present investigation. 
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SYMBOIB 

Cartesian coordinates 

velocity in flight direction 

density of air 

pressure increment-

pyna.mio pressure~~ 
disturbance-vel.oci ty potential 

Mach number 

·slope o! airfoil surface, measured. in flight direction 

root semichord, measured in flight direction 

chord length at epanW:t:.ae ·station y, measured 1ri flight 
direction 

maximum thickness of section at spanwise station y 

angle of sweep of maximum-thickness line,- degrees 

slope of line of maximum thickness (cot" A) 

aloJ?e of :w::41-s leading edge 

slope of ~g_trailing edge 

span of wing 

• 
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s 

A 

wing area 

aspect ratio ~2/~ 
taper ratio (ratio of tip chord to root chord) 

section wave-drag coefficient at spanwise station y 
exclusive of tip effect 

increment in section wave-drag coefficient at spanwiae 
a ta tion y due to tip 

section wave-drag coefficient at spanwiae station y 

~Cia,+ cdti~ 
wing wave-drag coefficien~ exclusive of tip effect 

increment in wing wave-drag coefficient due to tip 

wing wave-drag coefficient (Cnoo + Cnti~ 

Subscript s refers to conditions at root 

ANALYSIS 

The analysis is esaent"ia.lly that used in references l and 2. A 
brief outline of the basic equations is included for convenience. 

The assumptions of amall disturbances ana a constancy of sonic 
velocity throughout the fluid lead to the linearized equation for the 
disturbance-velocity potential ~ 

(l - ~) ~xx + ~yy + ~zz = 0 (l) 

3 

where M is the Mach number of the flow and the derivatives are taken 
with .cespect to the variables x, y, and z of the Cartesian coordinate 
system. On the basis of this linear theory a solution for a uniform 
semi-infinite sweptback line of sources is derived in reference 2. The 
pressure field asaoc··q..ted with this solution corres-ponds to that over an 
airf'oil of wedge section. The pressure coefficient 6.pfq at a spanwise 

l station y and :point x along the wedge is, for f3 ~ -, 
ml 
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and, for 
l 

13 > ml' 

2 
-l x - mll3 Y 

cos ~I y _ lllJ.:X: I 
1 

(2a) 

(2b) 

where ~ is the slope of -the leading edge of the wing, dz/d:L is the 
tangent Of the ha.1.!'-"wadge angle (approx. equal to half .. wedge angle since 

the angle is small), 13 = JJ -1, and the origin q~e line source is 
taken at (o,o). In the region between the leading edge

2
and the Mach core 

( 
1 < < \ lx-mll3y 

that is, r.rx = y = m1x;, the real part of cos- I I is constant 
~-' f3 y - m1x 

and equal to ~. Equation (2b) then reduces to · 

(2c) 

The· distribution a.f pressure over sweptback wings of desired plan 
form..and profile is obtained by superposition of solutions for wedge-type 
airfoils. Reference 1 adequately describes the superpositions necessary 
to satisfy the boundary conditions over the surface of a tapered wing of 
rhombic section, and therefore the procedure will not be restated herein. 
Figure 1 shows the distributions of sinks and sources for a tapered wing 
and identifies the system of axes and the symbols associated with the 
derivation of the drag equations. · 

The disturbances caused by the elementary line sources and sinks 
are limited to-.the regions enclosed by their Mach cones. Figure 2 shows 
the Mach line configuration for the tapered-wing J?lan forms and indicates 
the regions of the .wing af'f'ected by each line source ·and sink. For 
purposes of simplification the tapered wings considered were restric~ 
to those with no tip effects other than the ef~ects each tip exerts on its 
own half of the wing. For a wing of taper ratio o, rio tip effects need 
be consldered since. the. Mach lines originating at· the tip do not enclose 
any part of. the wing. -·· ·· · 
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The pressure coefficients obtained from superposition of solutions 
gf.ven in equations (2) are converted into drag coefficients by the 
following relations: 

[
/21T.E. 

= ~ ll: : dx dy 

L.E. 

(3) 

5 

where b is the wing span, S is the wing area, d.z/dx is the slope of' 
the airfoil surface, and L.E. and T.E. denote leading edge and trailing 
edge, respect! vely. 

DERIVATION OF GENERALIZED :HQUATIOs. .. i'S 

By appropriate superposition of' solutions for wedge-type airfoils, 
the pressure field is obtained for a tapered wing with leading edge, 
trailing edge, and line of maximum thickness sweptback. The drag equations 
are derived for half of the wing since the drag is distributed symmet­
rically over both halves. The induced effects of the opposite half-wing 
are represented by the conJugate terms in the integrands of the drag 
integrals. 

For a rhombic p~ofile, 

~I= 
t 
c 

where t/c is the section thickness ratio. The generalized equations for 
supersonic wave drag exclusive of tip effects are obtained as follows 
(see fig. 3 for in::'ormation pertinent "to integration limits): 
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:JtS~ 1t 

8(t/c) 2 - 4(t/c) 2 

l
lii()dry~~ 

A dx ely 

y 

roo 

-1~ 1-Yf3 - - Inod lY+~ _ 2nio · ---~ _ 1m2f3 -1 . . ~ +v 22_1 - :Jtdxdy+l - :Jtdxdy 
me 13 - y m2B- y 

- 0 - -· mo ~jj - 1 Inc 

(4a) 
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1 
For 13 > -, 

m1 

l;;al r;-a J:~l r-a 
1( dx d.y - 1( dx dy 

y-m1a mea 
ml ~-1. mo 

lmoa [~ 
+ Cdxd.y-

0 l J13 ... a 

-1~~ {~ c dx dy + -V;::::1no:::;~~2;;:=:._ =1 

mo yj3-a 
mol3-1 

7 
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where 

-1 x.+ a+ ml~2y 2 
-1 x+.a-mJJ3y 

A = cosh I + cosh 
f3 !Y - m1(x + a) I f3[ y + ID.J. (x + a) 

-1 X + mof32y -1 X - . Inof3 2J: 
B ::;: cos + cos 

· !31 y~ -. Ill if r ~ IY + max I 
and 

2 2 
cos-1 x +.a+ m1!3 y -1 X+ a - mll3 y c = 13IY + m1 (x + a) \ + 

cos 
~IY - m1(x + a) I 

It should be noted that equations (4) give .. th~ drag for plan-form 
configurations where the tip is placed farther spanwise. than the pointe 
of intersection· between the Mach lines and the trailing edge. (Sea fig. 3 •) 
Deletion of' certain integrals and appropriate c!l.angee in the y lim.i te 
of other integrals may be made for conf'igu.ratione where th-9 tip is placed 
nearer the root-chord. These equations are evaluated and the resulting 
section wave-drag and wing wave-drag formulas for al,l tapered plan forms 
are presented in appendix A. 

As stated previously, the tapered wings considered· have no tip effects 
other than those that· each tip exerts on ita own half of the wing; that is, 
the Mach lines from one tip do not enclose any part of the opposite half­
wing. This condition is expressed mathema.ticaJ.:!-y as follows: 

2dJno 4ml 
Aspect ratio= ~ ...,---~---~ 

a(l + ~) - (l + ~)(1 + m1~) 
(5) 

where ~ is the taper ratio· . . I~ can bs seen from 
· Root chor (

Tip chord~ 

equation (5) tha~ this eimpli~ication does notlmaterially limit the r~ 
of Mach number tha~ may be consid.Bred. In fact, since these equations 
involve only Mach numbers corresponding to supersonic max~thickness 
lines, the limiting effect imposed in equation (5) is found to be negligible. 
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For 

The wave-drag contribution of the tip is (fig. 3): 

1:.. < < 1 mo = !3 = ml' 

9 

l~d j~ . 
D dx dy 

I mo2d(l+ml!3) -mJ..lll(jl- mod(l+mJ..I3) -m1 (a+f3y) 

ml (l+Inol3) ml 

+ Jp"'oa. (::- D d:J: dy 

mo 2d(l+n:t_l3) -~ moa JL 
ml (l+mo!3 ) Ina 

nu 2d (l+mJ..I3) -mJ.. :oua Y.+¥ 

1 ml(l+mo!3) . r ~ 
+ Ddxd;r 

~d(l+~l3)-2ml.m2a Jm0d(l+n:t.l3)-~(a+jjy) 
mJ..(l+m213) ml. 

(6) 
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where 

and. 

X -
E = coa-l 

d. - rru~ 2 CY - mod.> 

13IY - mox[ 

For 13 ~ .;
1

, equation (6) is still- va;Lid. 1f' V1 - m1 2f32 is changed. to 

V m1 %2 - l and the inverse -hyperbolic .function 
-- --1 
cosh is changed to 

the inverse cosine function -l cos • -

Equation (6) was- solved f-or section wave drag and. wing wave drag, 
and. the results are :presented. .in a:p:pen~ B. The tot41 wave-drag coef­
ficients are then obtained. by the :f'ollowing relations: 

Gd. = cd + cdti } .00 p 

0D = 0Doo + Cntip 

The value of r_ is found to be identically equal to zero for all 
~lJtip 

cases satisfying the limitations imposed in equation (5) and, hence, 
CD = Cnoo for the ta:pered wings_ considered. -

RESULTS AND DISCUSSION 

(7) 

The for:rm.ilas presented in the appendixes a:pply to all conventional 
taper ratios (0 ~ A.~ 1). For the particular case of taper ratio l 
(untapered. plan form) the equations presented in appendix A of' reference 3 
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are in a more convenient .form .for calculation purposes~ Calculations 
presented for wings 'With subsonic :ma:rtm:u.m-thickness lines are based on 
the formulas of reference l. 

Calculations are made for some typical tapered plan forms and also 
for a family of tapered wings considered in reference l; members o.f a 
family are characterized by constant sweepback of the line of maximum 
thickness and a constant value of the parameter ''moment of wing area about 
the root chord divided by tho product of the root chord and the square of 
the root thickness." This area-mo::n.ent condition is intended to imply that, 
to a first approximation, the root bending stress is the same for all 
members of' a:rry family having the same thickness ratio. (See f'ig. 5 of 
re.ference l f'or fUrther details.) 

Section wave drag.- Spanwise distributions of section wave drag for 
wings of taper ratio 0, 0.5, and l.O are presented in figure 4 for a Mach 
number of 3, aspect ratio 2, and sweepback of 60°. These representative 
spanwise drag distributions .for wings "With supersonic :maxim:ulll-thickness 
lines differ markedly .from those obtained at lower speeds where the wing 
is swept well behind the Mach lines. .All sections have positive drag at 
speeds corresponding to supersonic maximum-thickness lines, whereas, at 
the lower Mach numbers, outboard sections experience negativo drag. 
(See .figs. 6 to lO of re~erence l.) 

Wing wave drag.- Variations of wing wave-drag coefficient with Mach 
number for constant-aspect-ratio wings of' taper ratios 0 and l.O and 60° 
sweepback are presented in .figures 5(a) and 5(b) .for aspect ratios 2 and 3, 
respectively. For wings of constant aspect ratio, taper increases the 
drag coefficient at Mach numbe!'s for which the :rn.a.ximu.m.-thickness line is 
substantially subsonic, decreases the drag coefficient in the intermediate 
range, and has negligible effect when the ma.xim:ulll-thickness line is highly 
supersonic. For COI!lflarison purposes, the result .for the straight wing of' 
infinite aspect ratio (two-dimensional case) is included in figures 5 
to 7. A typical variation in wing wave-drag coefficient with Mach number 
is show.n in figure 6 for wings of equal root bending stress. (The data for 
the curves between Mach numbers l and 2 are taken .from fig. l2 of 
reference l. ) Taper is ahow.n to reduce the wing wav~ coefficient at 
Mach numbers .for which the maxim:ulll-thiclmess line is substantially sllbsonlc, 
increase the drag coefficient in the intermediate range, and have little 
effect when·the maximum-thickness line is highly supersonic. These trends 
are s1milar to the ones sho-wn by the effect· of high as:pect ratio on the 
wave-drag coefficient of' wings .for a given taper ratio. (See .fig. 7.) 
It !IIllst be remembered, however, that .for the wings of' equal root bending 
stress, those with greater taper have higher aspect ratios, and hence ~~e 
drag behavior of these wings is, in effect, due to aspect-ratio variations. 

Variation of wing wave-drag coefficient with sweepback .for taper 
ratio 0.5 and aspect ratio 2 at a Mach number of 3 (supersonic max~­
thickness line) is sh~w.n in .figQre 8. Increased sweepback increases the 
drag rather than decreases the drag as is the case at lower Mach numbers, 
that is, for subsonic maximum-thickness lines. Calculations at other 
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Mach numbers show similar results for the effect of sweepback. It should 
be borne in mind, however, that a constant aspect ratio was maintained; 
that is, increased sweepback was obtained by sliding each section rearward 
rather than rotating the_wing panels ~e~d. 

CONCIDSIONS 

The theoretical investigation of supersonic wave ·drag of swepthack 
tapered wings at zero lift with thin symmetrical double-wedge sections 
with maximum thickness at 50 percent chord (rhombic profiles) has been 
extended to include "supersonic" maximum-thickness lines; that is, the 
flight velocity component normal to the line of maxiwoo thickness is 
supersonic. This condition exists· at Mach numbers for which the Mach 
lines have angles of ·sweep greater ·than that of the line of ma:I:imum thick­
ness. For purposes of completeness, the results obtained in NACA TN No. 1448 
for "subsonic" maximum-thickness linea· are included in the following 
conclusions. 

1. For wings of constant aspect ratio and given sweepback, taper 
increases the wing wave-drag coef'f'icient at Mach numbers for 'Which. the 
maxi~thickness line is substantia.lly subsonic, decreases the drag 
coefficient- in the near-sonic through moderately supersonic range, and 
has negligible effect when the ma.xilm..mr-thickness line is highly supersonic. 

2. For given ~ep an!l taper ratio, higher aspect ratios reduce the 
wing wave-drag coefficient at Mach numbers for which-the line of maximum 
thickness is aubstantia.lly subsonic, increase the drag coef'f'icient in 
the intermediate range, and have negligible effect when the maxiwurJ:­
thickness line is highly supersonic. 

3. For wings of eg_ual root bending stress and given aweepback, taper 
reduces the winS wave-drag coefficient at Mach numbers for which the 
maxi.mw:D:-thickness line is substantia.lly" subsonic, increases the drag 
coefficient in the intermediate range, and has negligible ef'f'ect when the 
maximum-thickness line is highly supersonic. 

4. For given taper ratio and aspect ratio, increased sweepback 
reduces the wing wav&.-dra.g coefficient at speeds corresponding to subsonic 
ma.ximu.m-thickness lines and increases the drag coefficient when the 
maximum-thickness line is supersonic • 

Langley Aeronautical Laboratory 
National Advisory Committee f'or Aeronautics 

Langley Field, Va., February 25, 1948 
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APPENDIX A 

EVALUATION OF EQUATIONS (4) FOR SECTION WAVE 

DRAG AND WING DRAG EXCLUSIVE OF 

TIP EFFECTS~ ~ ~; 0 ~ A. ~ ~ 

Section Drag 

------=A+ B 
4(t/c)2 

for 
am2 

0~Y~---
13III2 - l 

~ 
-13IDQ----l < y ~ Inod 

where 

Y(~ + ~) + ~m2 -l y(l + m1~21 + 28l!lz 
- cosh ~-~----~)~~--~ 

m1mz 131Y(ml + me) + 2BlnJ..~j 

y(mz - ml) - 2a.mlmz - y(l - ~~132) + 2a.m.2l 
+ cosh 1 ' 

m1mz f3!Y(ril.z - m1) - 2am1mzl_i 

13 



14 NACA '!'N No. 1672 

2mo !~€no + ~) + amam2 -l Y(1 + ~2) + ~ 
B = \} f32mo2 - l L ~. cos f3\Y(mo + ~) + anto~/ 

and 

- y~ - rno) - aiiJoi'l2 cos·1 y(:L - ~2) ~. ~ J 
Y2 131Y~ - mo) - amom2l 

For 

for 

=C+D+E 

= D 

am2 
O'$.t~--­

l31n2 - l 

am.--, amo 
--c..-<Y~--­
[3~ - 1 f3IIlo - l 

am
0 

2am
2 

---<Y<---
J3IIlo - l = 13~ - 1 

2a.m 
--·-_2_ < y ~mod 
13~- l 
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where 

A = ~ [y (me + n0 + a.ID.oiD2 cos - 1 Y (1 + mom,;~ + ~ .· 

V 132mo2 - l ~ 131Y(mo + n0 + B.lJloiD21 

+ Y(IIU - m2) + ~ coa-l y(l .. y~2) + am2 J 
mcrn2 13 1 y (ilt2 - ~) -~ I 

B = ~ ~y~ + ~ + Blllo~ coa-l y(l +Ina¥~ + WIU 

V 13 2~2 - l l ~~ 13 IY(mo + ~) + amoiiJ.I 

~ lye~+ m-0 + 2a.ml~ -l -y(l + IIJ.v~ + ~ 
C = - \jl32~ 2 - l ml~ cos {3ly\ml + ~) + 28.ml~ I 
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and 

7CSCnx, 
---=A+B 
8(t/c) 2 

where 

Wing Drag 

for 

~+ DUIIJ_!3' d + a 

13 I ( Il1o + mJ.) d + am1\ 

_NACA TN No. 1672 

~.JYI 
2 r.:._d>---., 

13m2 - 1 
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+ 

4a~lm23 coa-l 2am~ - dmo~2~ 2 - ~ 
~2 - ml2) il32me2 - l 2am22r;, 
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2a2mo~3 -1 ~ - d.ma~~2 - 1) 
]3 = ~2 - "1D:o~Vf3~'2 .. ~ COB ~93 

+ [(~ + mo)clmo + amzno]2 COB-1 (i + mznd32)dmo + ~ 
~~2 + mo) V f3 2nu2 

- 1 13 1 (~ + mo) dmo + ·~\ 
[~- nu)dma ~ ~2 

1 ~- ~f32)d.mo + ~ -=-----:-J==== cos- t.L 
~ ~ - me) V 13~2 - 1 13 \(~ - mo)dmo - amznol 

4a~~2 cos-1 ___ 1 

(mo + m1) Qm,l - mcl V f32Ino 2 - 1 mof3 

a~o2 
+ cos-1 _!_ 

~ + mo) V 13~ 2 
- 1 ~ 

and 
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For 

4a2~l~3 cos-l ~ .: dmo~2~2 - lJ 

c~2- ml2)vf3~2- l 2a.m2~ 

+ 
2a~~3 cos-l ~- ~~~2- ~ 

~2 - Illo2J v f32~2 -l ~~ 

~~ + mo) dmo + ~J a - (l + mzno!32)d.ma + ·~ 
+ cosl~----~-------

~~2 + Inc)~ 13~2 - l f3 \(me+ mo) dmo + ~\ 

- [~ - mo)dmo - ~J2 coa-l ~ - ~2)dmo + ~ 
~(~ - Illo) ~ f3

2
Ino 2 

- l f3 \~ - II~o) dmo - amzno \ 

-:----:-4a-~-=-~-=-2 -;:::=;;:::~= cos-l _l_ 

(Illo + ml) (3ml - mo) v f3~2 -l mof3 

~ 2 2 2 
a 2m0 l a ~mo 

+ coa-l - + -----
(~ + mo) v f3~2 -l ~. (mo + ml) 

2mo [(mo2 - ml2)d - aml2J Vml~ ~ + d) 2 - d~2 
+ . 

Illo2 - ~2 

. + ~l2- (~2- mj_2)dino] vd~2~l2- ~2) + 4~l2(~ +dina) 

In:2 ~2 2 - ml 2) 
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For 
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4a~m23 2am2 - dma~2~ 2 - l) 
~---:-:-;:=::;::=:= ooa-1 

. 
~2- ml~v~~2- l 2~~ 

4a~ ~ 
2 

coa-1 ..L 
( IIIo + ml) (3ml - mo) r ~ 2IDQ2 

- l Inc} 

2 2 2 3 
a mzno -l l 2a m2 nnlt 

+ 008 - + 
<~ + mo)Vr/2fn22 - 1 ~ (~2 - mo~Vf3~2 - 1 

+ a~lnta2 + molt r dlna(d:mo- ~ + ~ - a~~ J 
(lllo+ml) vfj2mo2-l[ ~ . ~-mo] 

+ 2mo Kmo2 - ml2)d - aml~Vml2(a + d)2 - d~2 
mo2 _ m:t2 
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1 For (3 = -, 
Ina 

1tSC])(I) Illo Kmo r ml)d + am~2 -1 (l + Yl'P~d + a 

( ) 2 
= cosh 

8 t/c ~ + ml)Vl - (3~12 · 13/ (Ina + ~)d: + am1/ 

- II1o [€no - mJ,)d. - aml]2 h-1 (l - ~132)d + a 

\mo - m1JV1 - 132~ 2 . cos (31 (mo - mJ.)a.. - amll 

2 2 
a m:liiL-. 1 ·-u -1 

+ -:---r==:::;:::= cosh -
(:no + In.J.J/ 1 - 13 ~1 2 m1(3 

- __ 4a_~~~-;:3== -1 ~- dmo~.~2- ~ cos -
~2- ml~~'P~2- 1 ~~ 

- [(~ + ~)dma + ~~]2 cosh-1 ~ + ~~'dma + 2am2 

~~ + ~)V1 - (321012 J3 ~~ + mJ)dmo + 2am:r_m2j 

+ ~~ - mJ)dlno - 2a:m1~J2 cosh-1 (1 - ~m~'anu + ~ 
13, (m2 - ll1.)dma - 2azn:L~j 

21 
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2mo2[~2- mo~d- ~J v~~ + 2mo~- d2~2- mo2) 

+ . . ~~22 - Ino2) 

1 
For 13 > ID;:' 

i'or 

=B+C+D 

azno < 2~ 
< mr.d -

~'Inc - 1 -v - 13~ - 1 

= F 
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_ mo2 ((~ - mo) d - a.mJ 2 

·~~- mo) vfJ~2 -1 

B = 2a~03~ coa-l a - d~~ 2 - ~ 
~2 - ml ~Vf32InQ2 - l anufJ 

(1 - momlf32)d + a 

~I (mo - mJ)a - am11 
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c = -

_ [~ +;~l)dlna + 2am1~2 

008
-1 ~ + mliilzl'~dlno + ~ 

~(~ ~ ml)v f32ml2 - l f3, (ml + ~)dmo +_ 2amlln:2/ 

r.· 
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4a2_ 2m.. 2 

-:-----~--.L-;==== coa-l _!_ 
(3ml - mJ (mo + mJ v 13~2 - 2 !3mo 
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.APPENDIX J3 

EVALUATION OF muATION ( 6) FOR TIP EFFECTS ~ ~ ~; 0 ~ A. ~ ~ 

For aspect-ratio limitations, see equation (5). 

Section Drag Increment-

:reed c 
tip =A+ B + C 

4(t/c)2 . 

where A is evaluated in the region 

and is equal to 

2 ~lnu - ml) - BlllJ_mQI 

Ina Vl- ml~2 

-1 Yill:J.. + aml Ina - d:ma 2 

cosh ----.-----
~~~(dma- y) 

B is evaluated in the region 

and- is equal to 

2 ~me - m1) y - aJDoiil]_J 

Ina Vl - ml~2. 

+ (Y - ci!no) 

dJ:nom2 f1 + 13~) - 2Bm_]_ m2 __ ...;:.( __ ....;.._, ___ ~ y ~ ~ 

~(1 + 13~) 
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~(l- + ~nu) -~ 
and C is evaluated in the region ~ y ~ d.Ino 

J. + 13~ 

and is equal to 

2[!(~ - rilo) - a:m~ -cos-~ YQ- - num~' -~ ~ -IIU 2~, 
~ {13~ 2 - 1 ~1 Y~ - me) - a:£noii12j 

- 2 (Y - dmo) 
_
1 

y + m2 (a - d) 
cosh 

13~ @me - y) 

+ a:m 
2 

For 13 > ..!. . use the same formulas as for .!. ~ 13 ~ .!..: but 
~~ ' ~- ~ 

27 

change V1 _ ~~2 to v13~12 _ 1 and cosh-1 to cos-1 in the first 

t&m onl.y of both A and. B. 

Wing Drag Increment 

The increment in wing wave drag caused by the tip is identicall.y 
equal to zero for all cases satisfying these aspect-ratio J.imitations. 
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Figure 2.- Mach line confl.gu.ra.t!.ons for tapered plan forms. 
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Figure 3.- Information pertinent to integration 11m1ts 1n equations (4) and (6). 
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Figure 4.- Distributions of section wave drag for various taper ratios. 

Aspect ratio, 2; Mach number, 3; sweepback of maximum-thickness 
line, 60°. 
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Figure 5.- Variation of w1Dg wave-drag coefficient with Mach number for wl.Dgs of constant 
aspect ratio •. Sweepback of rnnimu.m•thickness line, 600. Mach llnes are parallel to 
the maximum-thiclmess line at MaCh number 2.0. 



NACA TN No. l672 33 

u~ 

3 

2 

I 

0 
/0 

I 

0 
/.0 

~~ Streught" wmg oF JnhmTe aspect ra17o 

' \ 

""' 
A= 3.1-6 

\. ~- :() 

""" 
~ / r--- ...... 

0-.._ 
--'\,. 

vY ~ ............ ~ A=~) 
.............. 

A.= I v ........... -"'::::::: 
~ --, -r-- ~ - i) - - -r:::::::,...., r-- ....... r--~- --v 
~ 

/.4 1.8 
.,.. . ., 

.&:.~ 26 30 38 4.2 

F'iglu'e 6.- Va,ria.tioil' of wing wave-drag coefficient with Mach number for wings of equal root 
be:OO!ng stress. Sweepback of maximum-thickness line, 600. Mach lines are parallel 
to the marfmnm-thiclm.ess line at Mach number 2.0. 
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Figure 7.- Va.ria.tion of wiiig wave-drag coef:flcient with Mach number for wings of taper ratio 0. 
Sweepback of maximum-thickness line, 600; Mach lines are parallel to the maximum-thickness 
line at Mach number 2.0. 
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Figure 8.- Variation of wing wave-drag coefficient with sweep back of 
maximum-thickness line. Taper ratio, 0.5; aspect ratio, 2; 
Mach number, 3. 
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